Previous studies of fluorescence probes for labeling the monomeric actin pool have demonstrated lack of specificity. We have used quantitative analytical methods to assess the sensitivity and specificity of rhodamine DNAse I as a probe for monomeric (G) actin. The G-actin pool of attached or suspended fibroblasts was stabilized by ice-cold glycerol and MgC12. Formaldehyde fiition was used to clamp the Ciamentous (F) actin pool. Gand Pactins were stained by rhodamine DNAse I and FITC-phalloidin, respectively. Confocal microscopy indicated that the Gand F-actins were spatially separate in substrate-attached cells. Flow cytometry and fluorescence spectrophotometry demonstrated low co-labeling of the separate actin pools, although measure-1605
Introduction
Many cell functions including motility (1-3), chemotaxis (4), phagocytosis ( 5 ) , and cell adhesion (6, 7) are associated with rearrangements of actin (8, 9) . The rapid conversion of actin between filamentous (F) and monomeric (G) forms is an important element in the dynamic changes of cell shape associated with these phenomena (10,ll). In the submembrane cortex, actin has also been implicated in signal transduction (10) and contributes to the elasticity of cells (12) . Combined with other cytoskeletal proteins distributed throughout the cytoplasm, actin enables cells such as fibroblasts to generate large tractional forces (13, 14) that may ultimately influence tissue architecture.
The mechanisms by which changes in cell shape and generation of tractional forces are regulated are incompletely understood but appear to involve interactions between microfilaments and cell membranes (11, 15) and by control of actin assembly (16, 17) . The assembly of monomeric G-actin to polymeric F-actin is regulated in part by actin binding proteins (17, 18) . However, it is not clear how localized changes in actin polymerization are orchestrated in concert with global cell activities such as locomotion or phagocytosis.
To investigate actin assembly in whole cells, the tight binding of fluorescence-labeled phalloidin to Factin has facilitated morphological studies (19) . Although Factin is tightly bound by phalloidin, G-actin demonstrates much lower affinity (20) , thereby permitting identification of the distribution of Factin within cells and its assembly into filamentous structures, including stress fibers (21). In contrast, there is no generally accepted method for visualization of G-actin.
One conventional approach to measure G-actin is the application of the DNAse I inhibition assay in lysed cells (22) . The binding of DNAse I to G-actin appears to be quite specific (23, 24) and has been used to resolve the three-dimensional structure of the actin molecule (23) . When coupled to teuamethylrhodamine, DNAse I may be used to stain G-actin in whole cells (25) . thereby potentially permitting localization of actin assembly from monomer in situ. However, previous studies have demonstrated that after formaldehyde fixation rhodamine-labeled DNAse I also may bind to filamentous cell structures (26) , indicating that this reagent is not wholly specific for labeling of G-actin. The aims of this study were to optimize methods for simultaneous localization of G-actin and F-actin in cells and to quantlfy the relative amount of specific binding of rhodamine-labeled DNAse I to cellular G-actin.
Materials and Methods
Two different cell types with different concentrations of actin were used in these studies to permit study of the resolving power of the staining methods. Human gingival fibroblasts (HGF) and human periodontal ligament fibroblasts (HPLF), derived from gingival biopsies or from tooth root surfaces, respectively, were grown over four passages and then seeded into either 16-well chamber slides (Labtek; Naperville, IL) or T-25 flasks (Falcon; Becton-Dickinson, Mississauga, Ontario, Canada) at a plating density of lo4 cellskm'. Cells in chamber slides were allowed to attach and grow for 24 hr and were then washed with PBS, pH 7.4, pre-warmed to 37'C.
To stabilize the G-actin pool (27) , cells were incubated first with Trisbuffered saline (10 mM Tris and 0.15 M NaCI, pH 7.4) containing 0.01%
Triton X-100, 2 mM MgClz, 0.2 mM dithioerythritol, and 10% glycerol (v/v) for 1 min at 4"C, and then briefly rinsed with cold PBS. This procedure permeabilizes cells but does not lyse cells, an intentional step designed to reduce endogenous F-actin depolymerization in permeabilized cells (27) .
In some experiments cells were then fixed with methanol at -20% for 6 min. After several rinses in PBS, cells were incubated with either DNAse I conjugated with tetramethylrhodamine isothiocyanate ( planapochromat objective (Leitz) was used in conjunction with a constant field diaphragm diameter of 20 pm (area -315 pm') to measure the fluorescence associated with either single cells or portions of single cells. In each experiment at least 30 cells were measured. The excitation light source for fluorescence spectrophotometry was a voltage-controlled (* 1.5 %) 100-W mercury arc lamp. A detailed description of optical, focus, condenser and field diaphragm adjustments used in this method has been previously published (28) . The specificity of Rh-DNAse I staining was examined by comparison with unstained controls, with cells stained with equal molar concentrations of unconjugated tetramethyl rhodamine isothiocyanate (Molecular Probes) as that used for Rh-DNAse I staining, with cells incubated with 400 pglml Rh-DNAse I previously denatured by boiling for 10 min. or by pre-incubation of cells with 40 pglml unlabeled DNAse I followed by Rh-DNAse I staining, To evaluate nonspecific FITC-phalloidin staining, cells were preincubated with 4 x 10'' M unconjugated phalloidin.
For flow cytometric analysis of cell suspensions, cells were seeded into T-25 flasks at lo4 cells/cm2 and grown for 3 days. Cells were then trypsinized and the suspensions were stained with Rh-DNAse I and FITG phalloidin as described above. For each analysis, 5000 cells were assessed and in each experiment at least three replicates were obtained. Various combinations offixation with MeOH and/or 3.7% formaldehyde were conducted. Cells were analyzed on a FACSTAR PLUS flow cytometer (Becton-Dickinson Immunocytometry Systems; San Jose, CA) equipped with a 6-W argon-ion laser and excited with the 488-nm emission line. Fluorescence emission optics consisted of a 520/30 bandpass filter for green (FITC) emission and a 625142 bandpass filter for red (rhodamine) emission. Electronic compensation was employed to prevent crossover of the FITC emission into the rhodamine emission signal when cells were dually stained. Compensation was successful in reducing the FITC emission to the level of background in the rhodamine emission signal. Preliminary trials were conducted to ensure that excitation of rhodamine at 488 nm (200 mW power) was sufficient to produce rhodamine emission signals at fluorescence channel numbers about threeto fivefold higher than unstained controls. Flow cytometry data were collected using either logarithmic (3 decade) or linear amplifiers (1024 channels).
Fluorescence spectrophotometry and flow cytometry data were collected and the means and standard deviations of individual experimental groups were computed. Comparisons between the two groups were performed by unpaired t-test and analysis of variance was used for multiple comparisons. Ratio data were compared by chi-square.
p<o.o5.
Fziatio n
The staining patterns of G-actin and Significance levels were set at Factin were spatially separate and distinct (Figures 1A and 1B ), and exhibited very little overlap in HGF cells stained with Rh-DNAse I, then fixed in formaldehyde and stained with FITC-phalloidin. In micrographs of whole cells, G-actin presumptively labeled with Rh-DNAse I was present as a diffuse stain. Confocal microscopy demonstrated that in substrate-attached cells that were fixed with formaldehyde before Rh-DNAse I staining, the strongest labeling was in the submembrane cortex, in discrete zones in the cytoplasm, and in the nucleus ( Figures 1C and 1D ). Factin stained with FITC-phalloidin was localized primarily as brightly fluorescent, discrete strands, and in optical sections obtained by confocal microscopy there was also staining in the submembrane cortex. Well-defined classical stress fibers were not observed at the plating densities used here.
Cytospin preparations that were fixed with formaldehyde before staining with Rh-DNAse I also exhibited bright fluorescence in the nucleus and diffuse fluorescence in the cytoplasm (Figures 1E and IF). In contrast, only weak nuclear staining was observed in cells that were stained before fixation ( Figures 1A and 1B ). Flow cytometry analysis with linear amplifiers demonstrated that the mean fluorescence channel numbers of Rh-DNAse I-stained cells increased 48% (from 267 * 21 to 396 11; p<O.Ol) when the nuclear membrane was permeabilized by fixation, consistent with the observation that fixation permitted binding of Rh-DNAse I to nuclear DNA or possibly to nuclear actin.
In comparison with formaldehyde fixation, substrate-attached cells fixed with MeOH exhibited brighter staining with Rh-DNAse I, more pale, diffuse staining with FIX-phalloidin, and little evidence of stress fibers. This staining pattern was found also in cell suspensions after MeOH fixation and was confirmed by the increased mean fluorescence intensity of cells analyzed by flow cytometry (mean fluorescence channel numbers: for Rh-DNAse I, untreated 635 * 6 and MeOH-treated 831 * 4;p<0.001; for FIX-phalloidin, untreated 699 * 7 and MeOH-treated 419 f 9; jKO.001).
These findings suggested that perhaps MeOH permits depolymerization of Factin into G-actin. However, clamping of the Factin pool by fixation with 3.7% formaldehyde (4) followed by MeOH treatment also caused reduction of the fluorescent intensity of FIX-phalloidin stain (mean fluorescence channel numbers: without MeOH 673 * 11; with MeOH 418 2 8; p<O.OOl). Therefore, methanolic fixation appeared to alter the stoichiometric binding of FIE-phalloidin to Factin. Since methanolic fiition confounded the dual staining protocol and was not essential for discrimination of F and G-actins, it was not used. 
Specificity of Staining
The specificity of staining was examined by flow cytometric comparison of HGF cells with several controls (Figures 2A and 2B) . 
Sensitivity of Staining
To determine whether the staining assays were sufficiently sensitive to detect exchange between G-and F-actin pools, experiments were conducted to promote depolymerization of Factin. Incubation of cells with either high concentrations of ATP (27) or blockage of cytochrome oxidase by azide (29) leads to depolymerization of actin. Cells were incubated for 1 hr at 37°C in growth medium containing 2 mM ATP or medium with 2 into separate aliquots, stained for Factin or G-actin, and measured by fluorescence spectrophotometery. Blocking actin polymerization with sodium actin or with high concentrations of ATP induced a large and significant (p<0.01) reduction of FITC-phalloidin fluorescence and a parallel increase of Rh-DNAse I fluorescence (Figure 3) .
Fibroblasts from various tissues including human periodontium exhibit subtype-dependent variations in total actin content (28) which in turn may indicate different functions (14) . To determine whether fluorescence staining of G-and F-actins could be used to quantitatively resolve differences in cellular actin content, singlecell fluorescence measurements were made of substrate-attached cells stained for both F-actin and G-actin. The fluorescence intensities obtained by spectrophotometry (Table 1) were consistent with earlier data demonstrating higher levels of Factin in HPLF compared with HGF cells (28) . Examination of the ratios of FITCphalloidin to Rh-DNAse I fluorescence demonstrated lower relative amounts of G-actin in HPLF cells than in HGF cells, indicating a reciprocal relationship between F and G-actin content.
To determine whether the dual staining protocol could resolve differences in actin content between HPLF and HGF cells, flow cytometry was used. Although the Rh-DNAse I signals were not widely separated between the two cell types, there was a sufficiently large spread between the FITC-phalloidin signals to discriminate two populations (Figure 4) . The relatively larger F-actin content of the HPLF cells was not simply a result of variations in cell size, . . I ' ' : * . . .
as the distributions of the forward-angle light-scatter signals were similar for the two cell types (mean forward light scatter: HPLF 264 f 5 ; HGF 289 2 18). Tiypsinization of fibroblasts induces cell rounding, detachment from the substrate, and actin rearrangement (30, 31) . As described previously (30) , cell rounding induced by trypsinization was associated with the formation of brightly staining perinuclear Factin ( Figure 5 ) which resulted in a higher F-actin content per unit area of cell in comparison with spread cells. Since the measurement of F-and G-actin pools in rounded cells detached from the substrate may be different from that in substrate-attached cells, we sought to determine whether cell rounding biased quantitation. Spectrophotometry was performed on cytospin preparations of cell suspensions and the results compared with those of substrate-attached cells. The most obvious difference between fluorescence measurements of spread and rounded cells was that the cytospin preparations exhibited approximately threefold higher values of FITCphalloidin and Rh-DNAse I fluorescence than substrate-attached cells ( Table 1 ). Morphological inspection of the cell preparations indicated that the increased fluorescence may have been due to reduction of cell area. Consequently, the area of individual substrateattached cells and of rounded cells was obtained by computerized morphometry. For both HGF and HPLF, cell areas were reduced 2.9-fold by trypsinization and cytospin preparation. However, the relative increase of fluorescence after trypsinization was . .
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cytometry. Note that HPLF cells have con-
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nated in both cytospin preparations and in spread cells. Although spread cells have a higher per cell content of F-actin than suspended cells (27) . when measurements of F-actin are made on the basis of fluorescence per unit surface area it is evident that F-actin is more abundant and concentrated in perinuclear regions, an observation consistent with earlier data (30.31) . In this regard, the methods were sensitive enough to detect the expected increase of relative F-actin content per unit surface area and decrease in G-actin induced by trypsinization. Second, the methods were sufficiently sensitive to measure differences of actin content after chemical blockage of actin polymerization. Therefore, the data indicate that either spectrophotometric measurements of attached cells or flow cytometric measurements of rounded cells can be used to estimate actin contents in different types of cell preparations. Finally, although the fluorescence per unit area was increased substantially by trypsinization and cytospin preparation, the resolving power of the staining protocol was not influenced markedly by the use of spread or rounded cells. Fixation, trypsinization, and order of staining reagents are important variables that were optimized to reduce spurious co-labeling of the separate actin pools. Ideally, cells should be permeabilized MgCh buffer (27) , processed for Rh-DNAse I staining, fixed, and then stained with FITC-phalloidin at 4 x lo4 M to permit stoichiometric labeling of F-actin (4.28). As demonstrated by Heacock and Bamburg (27) . use of cold glycerol can stabilize the separate Table 1) in both HGF and HPLF cells. Therefore, after adjustment for the increased concentration per unit area of fluorescence moieties that was induced by trypsinization and cytospin preparation, there was a relative increase of FITC-phalloidin fluorescence (3.2/2.9) and a decrease (2.512.9) of Rh-DNAse I fluorescence in rounded cells. Trypsinization also caused a 25% increase in the ratio of FITC-phalloidin to Rh-DNAse I staining in both HGF and HPLF cells ( Table 1 ).
Discussion
After appropriate fixation and staining, G-and F-actins were localized in substrate-dependent cells with Rh-DNAse I and FITCphalloidin, respectively. The staining of the Gand F-actin pools appeared to be spatially separate and specific, a finding partly consistent with a dual labeling study of rat kangaroo cells (25) . However, this and another previous report (6) indicated the potential for co-labeling of filamentous structures but did not quantitate this phenomenon. We have used spectrophotometry or flow cytometry with single wavelength excitation and dual wavelength emission to estimate the relative specificity of Rh-DNAse I and FITC-phalloidin staining. Quantitative estimates obtained by flow cytometric analyses of suspended cells and by single cell fluorimetry of substrate-attached cells were consistent with morphological observations indicating that co-labeling of the G-and F-actin pools was detectable and that measurable background labeling of nonactin-containing structures was detected by rhodamine-DNAse I. However, there was sufficient specificity of labeling to permit experimental study of several important phenomena by the two stains. We found that differences in the Gand F-actin content of HGF and HPLF cells as a function of cell surface area could be discrimi-actin pools for long periods of time until they are physically separated (27) or until the separate pools are stained. In contrast to a previous morphological study of actin filament staining by immunolocalization (32), we found quantitative differences of F-actin staining that were dependent on the type of fixative. Evidently, quantitative estimation of F-actin content is dependent on the use of ice-cold MgClz-glycerol (27) and the use of formaldehyde fixation to reduce endogenous F-actin depolymerization and to effectively clamp the F-actin pool (4). An additional advantage of incubating cells with DNAse I before phalloidin treatment is that DNAse I stabilizes the G-actin pool (33) .
Previous findings indicating lack of specificity of Rh-DNAse I staining for G-actin and staining of F-actin by this reagent (25, 26) could be due to the depolymerization of F-actin by DNase I and by the loss of actin monomer after acetone extraction. However, our quantitative data indicate that after Triton-X cell permeabilization, stabilization of the G-actin pool by MgC12, DNAse I and cold glycerol (27) , and a combination of fixation and phalloidin treatment to clamp Factin (4), the identification of discrete G-and F-actin pools can be made. This does not rule out the possibility of DNAse depolymerization of F-actin. However, by spectrophotometry we have observed no statistically significant loss in the brightness of F-actin arrays after Rh-DNAse I staining (p>0.2), indicating that the extent of depolymerization is not marked. Although the relative lability of stabilized monomeric actin is essential for the rapid turnover of actin that characterizes such processes as cell motility (18) , this same lability complicates attempts to visualize separate filamentous and monomeric actins in single cells. The methods reported here could be used to image and quantitate actin pools in individual cells and thereby to probe the control mechanisms of actin assembly in diverse phenomena such as phagocytosis, locomotion, and adhesion.
